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ABSTRACT 
Objectives: Trisomy occurs with an extra chromosome during cell division resulting in 47 chromosomes in-
stead of 46 in the human genome. The overexpression of gene profiles is associated with abnormal phenotypes 
and a range of syndromes. Theoretically, trisomy can occur for each chromosome but the survival rate of in-
dividuals with trisomy 21 is much higher than other trisomies. In this paper, we discussed the life compatibility 
of trisomy 21 compared to an example trisomy of one of the other chromosomes (chromosome 2) with quan-
titative and qualitative gene profiles using bioinformatic databases. 
Methods: The analyses included (i) the determination of total gene numbers and classifications, (ii) numbers 
and functions of housekeeping genes, tissue-specific genes, and imprinted gene numbers and (iii) comparing 
the profiles of the proteins involved in cell survival and cell death in both chromosomes. 
Results: The results indicate that trisomy 2 is likely to be incompatible with life compared to trisomy 21 be-
cause both gene enrichment and function are important factors associated with the difference in survival rates. 
Protein-protein interaction analyses showed that the increased interaction rate in trisomy 2 leads to more com-
plex pathological consequences due to disruptions in cellular functions, however the limited interaction network 
in trisomy 21 may help explain the clinical features of Down syndrome.  
Conclusions: Compared to trisomy 2, the life compatibility of trisomy 21 is associated with gene numbers, 
functions, and protein-protein interactions.  
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 D iploid organisms have two copies for each 

chromosome derived from individual parents 
(23 pair chromosomes in Homo sapiens). Ho-

mologous chromosomes segregate in meiosis during 
gametogenesis to form haploid sperms and oocytes. 
This segregation provides half a set of chromosomes 
which are then completed with another half set of 

chromosomes coming from another parent in fertiliza-
tion. Meiosis maintains the number of chromosomes 
during transgenerational inheritance as well as pro-
vides genetic variations between generations by a spe-
cial mechanism, crossing-over. If homologous 
chromosomes do not separate equally during meiosis, 
one of the gametes has a second copy of a chromo-
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some (n+1), and the other daughter gamete lacks a 
copy of chromosome (n-1) (Fig. 1). When such the 
n+1 gamete is fertilized and an embryo is formed, the 
resulting embryo contains an extra copy of that chro-
mosome. The syndrome with three copies of a chro-
mosome is called trisomy. If the n-1 gamete is 
fertilized, the embryo will have monosomy defined as 
a loss of a copy of a chromosome.  
      Trisomy 21 (also called Down syndrome) is the 
most common. Individuals with Down syndrome have 
multiple malformations, medical conditions, and cog-
nitive impairment due to the presence of extra genetic 
material on chromosome 21 [1]. Although people with 
Down syndrome can have systemic syndromes that re-
duce life quality, they can still have a normal life as 
possible. This study aimed to reveal the molecular and 
genetic aspects of why the survival rate of individuals 
with Trisomy 21 is much higher than other trisomies, 
such as Trisomy 2. For this purpose, methods were 
considered to analyze gene groups both qualitatively 
and quantitatively. Bioinformatic databases were used 
to determine (i) total gene numbers in Chromosomes 
2 and 21, (ii) the number and functions of housekeep-
ing genes, tissue-specific genes, and imprinted genes, 
(iii) the profiles of the proteins involved in cell sur-
vival and cell death, and iv) the comparison of pro-

tein-protein interactions in Chromosomes 2 and 21. 
This study contributes to our understanding of how 
molecular differences between the two types of tri-
somies relate to the biological processes behind the 
phenotypic differences.  
 
 
METHODS 
 
Determination of Total Gene Numbers and Profiles 
Gene numbers in the Chromosomes 21 and 2 were an-
alyzed with the information obtained from the chro-
mosome statistics tables in the Ensembl database by 
https://www.ensembl.org/Homo_sapiens/Location/Ch
romosome?r=21%3A1-1000 and https://www.en-
sembl.org/Homo_sapiens/Location/Chromosome?r=2
%3A1-1000, respectively.  
 
Databases Used for the Determination of Gene 
Groups  
Housekeeping Genes  
      Housekeeping genes were obtained from the article 
“Human housekeeping genes are compact”, compiled from 
https://www.tau.ac.il/~elieis/Housekeeping_genes.html 
[2], [3]. Housekeeping genes in chromosomes 2 and 
21 were compiled from https://www.ncbi.nlm.nih.gov/ 
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Fig. 1. Normal and abnormal gametogenesis. Non-disjunction can occur either in meiosis I or meiosis II. Both result in trisomy 
with a total of 47 chromosomes. 
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via Gene IDs to be classified to explain the chromo-
some, its position on the chromosome, NCBI gene 
identity, gene name, and function of the gene. 
 
Imprinted Genes  
      Imprinted genes were screened from 
https://www.geneimprint.com/site/genes-by-
species.Homo+sapiens for their presence on chromo-
somes 2 and 21. The imprinted genes are described 
with their chromosomal location, NCBI gene identity, 
gene name, maternal/paternal expression status, and 
tissue specificity.  
 
Survival Proteins 
      Profiles of the proteins involved in cell survival in 
chromosomes 2 and 21 of Homo sapiens were screened 
with the ontology number GO:0008283 from the AmiGO 
2 database (http://amigo.geneontology.org/amigo) under 
the title of "cell proliferation" and analyzing 583 proteins.  

Death Proteins 
      Profiles of the proteins involved in cell death in chro-
mosomes 2 and 21 of Homo sapiens were screened with 
the ontology number GO:0008219 from the AmiGO 2 
database (http://amigo.geneontology.org/amigo) under 
the title of "cell death” and analyzing 1735 proteins.  
 
Protein-Protein Interaction Network Analysis with 
STRING Database  
      In this study, genes involved in processes such as 
genetic imprinting, cell survival, and cell death were 
selected to examine biological processes associated 
with trisomy 2 and trisomy 21. Genes were identified 
using Ensembl (https://www.ensembl.org), GeneIm-
print (https://www.geneimprint.com) and AmiGO 2 
databases; especially Survival proteins and Death pro-
teins data were extracted from AmiGO 2. Interaction 
networks of proteins encoded by selected genes were 
analyzed using STRING (Search Tool for the Retrieval 
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! !Fig. 2. Grouping of gene numbers in chromosomes 2 and 21. A and B show chromosomal maps for Chr2 and Chr21, respec-
tively. C shows the genomic context of each chromosome, and D shows the comparison of gene-protein classes between Chr2 
and Chr21. 
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of Interacting Genes/Proteins) database. STRING is a 
widely used bioinformatics tool to visualize protein-
protein interactions and examine interaction densities. 
This database contains only interactions with high 
confidence levels that are confirmed by experimental 
evidence. The interaction networks of genes associ-
ated with trisomy 2 and trisomy 21 were examined 
separately to compare the protein interaction densities 
on chromosomes 2 and 21 in both cases. The effect of 
the extra chromosome on protein expression in tri-
somy 2 and the effect of chromosome 21 on protein 
interaction capacity in trisomy 21 were evaluated. Fi-
nally, the obtained interaction networks were visual-
ized and comparisons were made between the 
interaction densities. In these analyses, interactions be-
tween survival and death proteins were particularly 
emphasized. Since the study was based solely on 
open-access biological databases, ethical committee 
approval was not required. 

RESULTS 
 
Chromosome 2 is the second largest human chromo-
some, representing almost 8% of the total DNA in 
human cells. It is 242,193,529 base pairs long includ-
ing 1,300 coding genes. It has also 1,845 non-coding 
genes; of these, 345 are small noncoding genes, 1,324 
are long noncoding genes, and 176 are other noncod-
ing genes. It contains 1,079 pseudogenes and has 
58,799,226 short variants (Figs. 2A and C). But chro-
mosome 21 is 46,709,983 base pairs long including 
235 protein-coding, and 441 non-protein-coding 
genes; 69 of these are small noncoding genes, 348 are 
long noncoding genes, and 24 are other noncoding 
genes. It also contains 188 pseudogenes and has 
9,242,863 short variants (Figs. 2B and C). Chromo-
some 2 contains more than 6-fold coding genes and 
more than 4-fold non-coding genes than chromosome 
21. Additionally, chromosomes 21 and 2 composed 
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0.93% and 5% of the total coding genes in the human 
genome.  
      Chromosomes 21 and 2 differ in terms of gene 
functions. For instance, housekeeping gene content is 
higher in Chr2 than in Chr21 (Tables 1 and 2). The 
range of organs affected by selectively overexpressed 

housekeeping is wide in Chr2 compared to Chr21.  
Chromosome 21 has only 2 known imprinted genes, 
but Chromosome 2 has 11 imprinted genes (Table 3). 
Some of these genes are supposed to be imprinted (SI) 
with current knowledge. Interestingly all the two im-
printed genes in Chr21 are of paternal origin and in-
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volved in nervous system development, while the 
nervous system-related imprinted gene ratio is around 
1:3 within the group imprinted genes of Chr2. Im-
printed genes with three alleles, as in trisomies, are 
problematic because the genome/cell cannot manage 
an extra paternal allele to be imprinted or not. There-
fore, this extra allele may lead to chaotic gene expres-
sion. However, the chaos depends on the parental 
origin of the extra allele (within the extra Chr21). If 

an extra chromosome (and extra paternal allele) is pro-
vided by the paternal genome, this is supposed to be 
significant in a clinical manner.  
      We then assessed the profiles of genes involved in 
cell survival or cell death which might be directly re-
lated to life compatibility. 30 and 2 cell survival genes 
are found in Chr2 (Table 4) and Chr21 (Table 5), re-
spectively. 82 and 8 cell death genes are found in Chr2 
(Table 6) and Chr21 (Table 7), respectively. Chr2 con-
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tains the DNMT3A gene which encodes a de novo 
DNA methyltransferase playing an important role in 
embryo formation and epigenetic regulation. 
DNMT3A gene is considered a lethal gene as its loss 
or mutations deactivating its function cause embryo 
death and severe morphological defects. DNMT3A 
enzyme is critical to manage cell differentiation via 
regulating de novo DNA methylation of gene sets. 
This can lead to lower survival rates in the embryos 
with trisomy 2 compared to those with trisomy 21.  
In this study, genes identified to be associated with bi-
ological processes such as genomic imprinting, cell 
survival, and cell death were selected. The interaction 
networks of the proteins encoded by these genes were 
also examined by bioinformatics analysis using the 
STRING database. In this analysis, specific to trisomy 
2 and trisomy 21, important findings were obtained re-
garding the interaction densities and network struc-
tures of the proteins encoded by genes on Chr2 and 
Chr21.  
      In trisomy 2, the presence of an extra copy of 
chromosome 2 leads to higher expression levels of 
proteins encoded by Chr2, which increases the density 
of protein-protein interactions, leading to disruptions 

in biological processes during embryonic development 
(Fig. 3). This may help us understand the molecular 
mechanisms by which trisomy 2 often results in death 
at the embryonic stage.  
In trisomy 21, the presence of an extra copy of Chr21 
may lead to the overexpression of some proteins en-
coded by Chr21. However, the interaction capacities 
of these proteins remain low, especially in interactions 
with Chr2. This contributes to cellular abnormalities 
in the pathophysiology of DS and leads to a limited 
interaction network.  
      In addition, some proteins located on both Chr2 
and Chr21 interact with each other (Fig. 4). These in-
teractions suggest that proteins located on both chro-
mosomes may be involved in common biological 
processes and may play important roles in regulating 
these processes. In particular, interactions between 
proteins encoded by Chr2 and Chr21 may play a crit-
ical role in maintaining a balance between cellular 
functions.  
      On the other hand, the proteins encoded by the 
genes on Chr21 that play a role in the biological 
processes we mentioned did not form any interaction 
networks according to the analyses we performed on 
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the STRING database. This suggests that the proteins 
on Chr21 do not interact with each other and this de-
ficiency may lead to more limited interaction networks 
in the pathophysiological processes of Down syn-
drome.  
 
 
DISCUSSION 
 
This study attempted to compare the life compatibility 
of trisomy 21 with trisomy 2 in terms of detailed gene 

profiles and protein-protein interactions. The total 
number of genes in the Chr21 is more than the Chr21 
and the proteins encoded by Chr21 take part in more 
vital functions. On the other hand, the number of pro-
teins involved in cell survival and cell death is higher 
in Chr2 compared with those in Chr21. In addition, it 
is remarkable that many of these proteins play a role 
in processes that affect the brain and form the nervous 
system, such as neurogenesis. The higher content of 
proteins involved in angiogenesis and other morpho-
genesis activities, cell and tissue differentiation, tran-
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! !Fig. 3. The protein-protein interaction pathway of selected genes located on Chromosome 2, which are experimentally shown 
in the STRING database and identified as target proteins in our study. (The figures were created with BioRender program 
(https://app.biorender.com))
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scription regulation, epigenetic regulation, biological 
rhythm, protein phosphorylation, energy metabolism, 
and DNA repair is observed in Chr2 compared to 
Chr21. These suggest that the life incompatibility of 
Chr2 compared to Ch21 can be explained if there are 
three copies of the same chromosome due to the gene 
dosage problem in many crucial cellular activities. Tri-
somy not only results in the up-regulation of genes but 
also leads to a genome-level transcriptomic dysregu-
lation, whose downregulation affects each tissue and 
cell type differently because of epigenetic mechanisms 
and protein-protein interactions [4].  
      Aneuploidies are characterized by an extra copy 
of chromosomes resulting in three or more copies 
while monosomies are with a loss of chromosome re-
sulting in a haploid chromosome. Diploid organisms 

have two copies of each gene localized within the ho-
mologous chromosomes and most of the genes have 
two-allele expression and some genes such as the X 
chromosome function as monoallelic expression. 
Therefore, gene dosage is an important aspect of the 
human genome. Aneuploidies are the abnormalities 
occurring with the distribution of cell dosage as well. 
However, not all defects in cell dosage may be incom-
patible with life. For instance, trisomy 21 is life-com-
patible compared to other trisomies and this should 
have a reason. Therefore, in this study, we tried to an-
swer the possible reasons for this.  
      Life compatibility is a broad phenomenon, and the 
human genome is organized in different levels with 
high complexity. The molecular functions that are di-
rectly related cell survival or death should manage life 
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Fig. 4. The protein-protein interaction pathway of selected genes located on Chromosome 2 and 21, which are experimentally 
shown in the STRING database and identified as target proteins in our study. The protein interactions shown in red represent 
the interactions between selected genes located on Chromosomes 2 and 21. The proteins marked with an asterisk (*) are en-
coded by chromosome 21, while the remaining proteins are encoded by chromosome 2. (The figures were created with BioRen-
der program (https://app.biorender.com))
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in the cells so that we focused on the proteins involved 
in these mechanisms. Cell survival and cell death re-
lated proteins are shown in 10 different molecular 
classes in Chr2 and Chr21 (This should be noted that 
some proteins were considered in more than one 
group) (Fig. 5A). In Chr2, almost 20% of genes are 
involved in nervous system development and 20% in 
transcription regulation followed by circulatory sys-
tem formation (~15%), differentiation (~12%), protein 
phosphorylation (~11%), and immunity (~10%). Less 
than 1% of genes in Chr2 are involved in biological 
rhythm (Fig. 5A). Similarly, in Chr21 the major con-
tent is composed of nervous system development 
(~27% more than Chr2’s content), but 20% of Chr21 
is composed of immunity-related genes. The following 
are transcription regulation (13%), and differentiation 
(13%). Interestingly there is no gene involved in epi-

genetic regulation and DNA repair in Chr21, but ~5% 
and ~3% in Chr2 (Fig. 5A). Chr2 includes a gene cod-
ing a de novo DNA methyltransferase (DNMT3A) in-
volved in epigenetic regulation which plays an 
important role in establishing methylation patterns 
during primitive germ cell development and early em-
bryogenesis [5]. This indicates that it is a protein play-
ing a crucial role in the formation of the embryo, in 
other words, it is responsible for determining its fate. 
Therefore, the existence of DNMT3A can be con-
cluded to state the lower life compatibility in Chr2 tri-
somies than in Chr21 trisomies.  
      There is a limitation in defining the actual inci-
dence of trisomies because aneuploidies for individual 
chromosomes cannot be predicted due to undefined 
abortions.  Trisomy 2 is expectedly one of the rarest 
types of trisomies as well as Trisomy 1. There were 
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Fig. 5. Overview of proteins involved in cell death and cell proliferation. A shows the comparison of cellular and molecular 
functions of the genes between Chr2 and Chr21. B and C show the comparison of proteins involved in cell proliferation and 
cell death, respectively. 
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only 3 cases of trisomy 1 reported which all resulted 
in loss in utero [6]. The length of chromosome 1 is 
quite similar to Chr2. The largest human chromosome 
is Chromosome 1 which constitutes 8% of the human 
genome [7, 8]. Therefore, we also analyzed cell sur-
vival and cell death-related protein profiles of Chr1. 
48 proteins (8%) and 105 proteins (6%) are involved 
in cell survival and cell death, respectively. Chr2 has 
a similar ratio as with each 5% in proliferation and 
death (Figs. 5B and 3C). Chromosome 21 has been de-
fined as the smallest human autosome representing 
about 1-1.5% of the human genome [9]. The presence 
of an extra copy of chromosome 21 is the genetic 
cause of Down syndrome, which is the most common 
major cognitive problem affecting 1 in 700 live births. 
Symptoms frequently observed in most Down syn-
drome individuals include morphological abnormali-
ties of the head and limbs, short stature, low muscle 
tone (muscle movement resistance). Other and less 
frequently observed symptoms are mostly cardiac 
malformations, gastrointestinal system problems, 20-
fold increased risk of leukemia compared to normal 
individuals, and early onset of Alzheimer's-like neu-
ropathological diseases [10, 11].  
 
 
CONCLUSION 
 
In conclusion, differences in protein-protein interac-
tions in trisomy 2 and trisomy 21 may help us under-
stand the biological and pathological consequences of 
these two conditions. While the increased interaction 
rate in trisomy 2 leads to more complex pathological 
consequences due to disruptions in cellular functions, 
the limited interaction network in trisomy 21 may help 
explain the clinical features of Down syndrome. These 
studies contribute to our understanding of how molec-
ular differences between the two types of trisomies re-
late to the biological processes behind the phenotypic 
differences. 
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